The effects of equine chorionic gonadotropin (eCG) on follicular development and ovulation in cyclic guinea pigs were investigated by histological and immunohistochemical analyses. Three groups of guinea pigs (n=12) were administrated subcutaneously with saline, 20 or 50 IU of eCG, respectively, on cyclic Day 12 (Day 1=vaginal openings). Ovaries were collected at 4 and 8 d after administration (6 animals per group each time). The eCG administration induced significant and distinct morphological changes in the ovaries, as it promoted the luteinization of granulosa cells, but not follicular development. In addition, proliferating cell nuclear antigen (PCNA) and steroidogenic acute regulatory protein (StAR) were immunolocalized specifically in luteinized follicles. Our experiments together indicate that eCG administration can induce follicular luteinization but not superovulation in guinea pigs. The eCG in cyclic guinea pigs functions similar to that of luteinizing hormone (LH), but not follicle-stimulating hormone (FSH).
Introduction
Exogenous gonadotropins, such as folliclestimulating hormone (FSH), luteinizing hormone (LH), equine chorionic gonadotropin (eCG), and human menopausal gonadotropin (hMG), can successfully induce superovulation in most mammalian species (Hudson et al., 1999; Miller et al., 1999; Singh and Madan, 1999; Suzuki et al., 2003; Brooke et al., 2007) . Specifically, eCG or FSH can induce superovulation in rats (Popova et al., 2002) , pigs (Manjarin et al., 2009) , sheep (Cognie, 1999) , and cattle (Small et al., 2009) . FSH and LH are both secreted from pituitary gland, and FSH has a short metabolic half-life (Fry et al., 1987) . FSH stimulates follicular growth and recruits immature follicles in ovaries, while LH is generally required for successful superovulation (Kumar et al., 1997; Howles, 2000) . eCG plays a role similar to that of as FSH but has a long half-life after single injection (Murphy and Martinuk, 1991; Zanetti et al., 2014) .
Guinea pigs are a more reliable reproductive model as compared with mice or rats (Silva et al., 1998; Shi et al., 1999; Kulduk et al., 2014; Sun et al., 2014) , because they share similarities with humans and large domestic animals in estrous cycles and prolonged pregnancy (van Kan et al., 2009) . Guinea pigs, only ovulate a few oocytes (3.6±0.1) in one typical estrous cycle (Suzuki et al., 1993) , and the majority of follicles are lost by atresia (Hermreck and Greenwald, 1964) in the four continuous stages (Wang et al., 2010b) . Gonadotropins do not always reliably induce superovulation in guinea pigs (Suzuki et al., 2003) , and the mechanism of ovulation remains poorly understood. Thus, to elucidate the ovarian response to gonadotropins in guinea pigs, we investigated follicular processes after administration of eCG.
The objectives of the present study were to investigate the effects of eCG, also called pregnant mare's serum gonadotropin (PMSG), on ovarian follicles in cyclic guinea pigs, with a focus on follicular development and atresia, both before and after ovulation. Guinea pigs were designed to induce superovulation by administration of 20 or 50 IU eCG on cyclic Day 12, since injection of 10 IU eCG on cycle Days 9 and 10 was still not effective in inducing superovulation in guinea pigs (Rawson et al., 1979) . As reported, the dosage of gonadotropin to induce superovulation should be based on body weight (Rahman et al., 2014) . Superovulation can be induced by 5-10 IU eCG in female mice (Kanter et al., 2004; Wei et al., 2014) , 500-600 IU eCG in ewes (Leoni et al., 2001; Simonetti et al., 2008; Forcada et al., 2011) , and 2000-3000 IU eCG in cows (Bó and Mapletoft, 2014) . During the biphasic follicular growth in guinea pigs, the first phase culminates on cycle Days 10-11 (Bland, 1980; Hutz et al., 1990) , and the dominant follicle is transformed on cycle Day 12 (Shi et al., 2000) . Our experiments together indicate that eCG administration can induce follicular luteinization but not superovulation in guinea pigs, and we reconfirmed follicular luteinization by immunohistochemical (IHC) observation of proliferating cell nuclear antigen (PCNA) and steroidogenic acute regulatory protein (StAR), which are important indicators reflecting their treatment effect. Specifically, PCNA indicates cellular proliferation (Wildemann et al., 2003) , promotes oocyte apoptosis in mice (Xu et al., 2011) , and is concomitant with follicular atresia in guinea pigs (Wang et al., 2010a) . StAR modulates the first and rate-limiting step of steroidogenesis (Clark et al., 1997) .
Materials and methods

Animals and experimental design
Adult female Harley-White guinea pigs (Cavia porcellus) weighing 400-700 g were housed and fed with a commercially prepared diet and tap water ad libitum. They were examined daily for signs of opening (either partial or full) in the vaginal membrane, and the first day of opening was designated as Day 1 of the cycle. Only animals showing at least 2 consecutive 16-d cycles immediately before the experiments were selected. Finally, 36 animals were included and randomly divided into 3 groups (n=12), which were injected subcutaneously with 20 or 50 IU of eCG (Sansheng Hormone Co., Ltd., Ningbo, China) or physiological saline, respectively, on Day 12 of their cycles. The animals were sacrificed after 4 and 8 d of injection; the other 6 animals from each group were sacrificed 8 d after injection (six animals from each group each time). The ovaries were collected immediately after scarification, fixed in 4% paraformaldehyde at room temperature for 36 h, and then stored in 70% alcohol for histological and IHC analyses.
Morphologic and IHC observation
After fixation, the ovaries were embedded in paraffin, sectioned serially at 5 μm, and stained with hematoxylin and eosin (H&E). These sections were observed for morphologic changes that indicate follicular development and ovulation after eCG treatment.
In order to study proliferation and steroidogenesis in luteinized follicles, we performed IHC analyses using monoclonal antibodies (MABs) against PCNA (Biogenix Co., CA, USA; lot: MU2060899) and StAR (Santa Cruz Biotechnology Inc., TX, USA; lot: SC25806) with the strept avidin-biotin complex (SABC) method (Boshide Biotechnology Inc., Wuhan, China; lot: SA1021). The antibodies of PCNA and StAR were diluted 1:500 (v/v) and 1:1000 (v/v), respectively, in a phosphate-buffered solution (PBS) containing 1% (0.01 g/ml) bovine serum albumin (BSA). Some sections with luteinized follicles were selected and sent into heat-induced epitope retrieval (HIER): the sections on slides were immersed in a 10 mmol/L sodium citrate buffer (pH 6.0) and heated at 100 °C in the microwave oven for 10 min. Then the sections were mounted on slides coated with 3-aminopropyl-triethoxysilane (APES), and dried at 37 °C for 24 h. The sections were incubated with primary antibodies at 4 °C overnight. Then immunoreactivity was visualized using diaminobenzidine (DAB, Sigma-Aldrich Co., MO, USA) as substrate and counter-staining with hematoxylin. Normal rabbit serum instead of the primary antibodies, was used as a negative control.
Ovarian and follicular assessments
The follicular size and number on cycle Day 16 before ovulation were recorded. The follicular size was determined as the mean of two diameters, which were recorded at right-angles by measuring the largest follicular diameter through a section containing the largest cut surface of oocyte as described previously (Bland, 1980; Hutz et al., 1990) . Follicles were classified as small (<300 μm), medium (300-600 μm), or large (>600 μm) (Curry et al., 1984a; 1984b; Garris and Foreman, 1984) . The number of corpora lutea, weights of single ovary and uterus, number of luteinized cells in CL, and proportion of apoptotic luteinized cells in luteinized follicles were also determined (Li et al., 2014) .
Statistical analysis
Statistical analyses were performed using an IBM SPSS Statistics 21 (Chicago, IL, USA). Differences were evaluated by one-way analysis of variance (ANOVA) with a Tukey's test for multiple comparisons. P<0.05 was considered to be significant.
Results
Effects of eCG on follicular development before ovulation
In the control groups, the healthy antral follicles on the ovaries showed thick layers of granulosa cells (Figs. 1a and 1b) . Moreover, the oocytes were clearly outlined and uniformly dyed, while the granulosa cells were neatly-arranged outside the zona pellucida (ZP) (Fig. 1c) . Follicular development was more obvious in the 20 IU group versus the control group. Larger antral follicles (>600 μm in diameter) appeared on the ovaries. Most of the granulosa cells were apoptotic or eliminated. Also the numbers of blood cells outside the ovarian medulla, at the follicular fringe, and inside the atretic follicles increased (Fig. 1d) . In the regular antral follicles (Fig. 1e) , granulosa cells without obvious apoptosis were arranged loosely inside the . Sections were stained with H&E. O, oocyte; ZP, zona pellucida; G, granulosa layer; A, follicular antrum follicular antrum. The ZP was surrounded by multiple granulosa layers, and the polygonal-shaped granulosa cells were not granular, and more extracellular matrixes (ECMs) were interconnected (Fig. 1f) . The 50 IU group contained generally higher proportions of follicular atresia compared with the 20 IU group. The apoptosis of granulosa cells was delayed in some preantral and small antral follicles, while the differentiation and proliferation of follicular cells were accelerated in the large antral follicles. Also a mass of blood cells and a corpus luteum-like (CL-like) structure appeared in the atretic follicles (Fig. 1g) . The granulosa cells were mass-eliminated inside the follicular antrum (Fig. 1h) , and differentiation of the inner membrane cells started to occur (Fig. 1i) .
The number and proportion of follicles were shown in Fig. 2 . The numbers of follicles were significantly different among the groups (P<0.05) and were quantitatively in the following sequence: 50 IU group>20 IU group>control group. The proportion of small follicles in the 50 IU group was significantly lower than that in the other two groups (P<0.05). The proportions of medium follicles were significantly different among the groups (P<0.05) and were quantitatively in the following sequence: 50 IU group> control group>20 IU group. The proportions of large follicles did not differ significantly among the three groups (P>0.05).
Effects of eCG on ovulation rate and follicular development after ovulation
Follicles were observed 8 d after treatment and ovulation occurred in all groups. In the control group, most of the follicles were at Stage III or IV of atresia, without large antral follicles in the ovaries (Figs. 3a  and 3b) , and the follicular theca and granulosa cells luteinized into luteal cells were closely distributed in the corpus luteum (Fig. 3c ). In the 20 IU group, the corpora lutea after ovulation also appeared in the ovaries, while the large antral follicles were still present in the ovulated ovaries (Fig. 3d) were neatly arranged within these antral follicles (Fig. 3e) . Blood vessel cells were also present in the corpora lutea (Fig. 3f) . The ovaries in the 50 IU group contained an apparent luteinized structure (Fig. 3g) . In some luteinized follicles with a large follicular antrum, the granulosa cells in the ZP or follicular membrane did not show obvious signs of differentiation, but were denser and irregularly oriented (Fig. 3h) . Luteinized unruptured follicles (LUFs) appeared in the ovaries (Fig. 3i) . The oocyte and differentiated granulosa cells were visible in these luteinized follicles, but the cell density in the luteal follicles was lower than that in the corpus luteum. Differentiation of the granulosa cells was directly induced by eCG. The differentiated granulosa cells became thin and long and contained abundant ECM (Fig. 3i) .
The numbers of corpora lutea excluding luteal follicles were assessed (Fig. 4) . The ovulation rates were similar in the 3 groups (P>0.05). The ovarian weights both before and after ovulation were significantly different among the groups (P<0.05) and were in the following sequence: 50 IU group>20 IU group>control group. The uterus weight in the 20 IU group was significantly higher than that in the 50 IU group (P<0.05).
Effects of eCG on cell differentiation and proliferation in luteinized follicles and apoptotic oocytes
Differentiation of the follicular cells, theca, and granulosa cells in the ovaries was induced by the eCG treatment, especially in the corpora lutea (Fig. 5) . In the control group, the remaining theca and granulosa cells in follicles rapidly differentiated and proliferated into a luteal structure and formed a distinct cellular morphology (Figs. 5a and 5b ). In the 20 IU group and in the large antral follicles, follicular cells rapidly differentiated and proliferated, while either theca or granulosa cells formed a CL-like structure (Figs. 5c (Fig. 5e) , while a CL-like structure was formed in the differentiated cells thereafter (Fig. 5f ). The numbers of luteinized cells (Fig. 6) were significantly different among the groups (P<0.05) and were (Fig. 6) were significantly different among the groups (P<0.05) and were in the following sequence: 50 IU group>20 IU group>control group. According to relevant revised classification criteria (Wang et al., 2010b) , the follicular atresia and oocyte degeneration in the control group were at the latter Stage III (Fig. 7a) or Stage I (Fig. 7b) , since only a few differentiated cells emerged from the ZP and some cavities remained in the oocyte. In the 20 IU group, most of the follicular atresia was at Stage I (Fig. 7c) or Stage II (Fig. 7d) . The eCG treatment induced massive elimination in the majority of granulosa cells and early differentiation in the theca inner cells. A differentiation strip appeared along the follicular antrum, and the granulosa layer was loosened. The oocyte degeneration was at Stage II, and only a few cavities were formed. The 50 IU group, also showed an abnormal manner of follicular atresia after ovulation, since the cumulus granulosa cells were eliminated first (Fig. 7e) . In addition, LUFs without vacuoles appeared after ovulation, and the oocytes in LUFs were reduced in size, while no obvious differentiation of the granulosa cells surrounding the ZP occurred (Fig. 7f) . 
Immunolocalization of PCNA and StAR proteins in ovaries
Like normal corpora lutea, PCNA was obviously expressed in luteinized follicles after eCG administration (Figs. 8a-8c) , indicating that normal level of mass proliferation also occurred in the luteinized granulosa cells. In addition, StAR proteins were medially expressed in luteinized follicles after eCG administration (Figs. 8d and 8e) , indicating that the differentiated cells in luteinized follicles were normal and luteal.
Discussion
Our results suggest that eCG administration resulted in a larger number of developing follicles but not in full maturation to ovulation. This administration increased the number of developing follicles and the proportion of large follicles in the ovaries. However, the eCG administration did not increase the number of corpora lutea, even though it increased the ovarian weights both before and after ovulation. The possible reason for this may be that the eCG is mainly effective at the antral follicle stage, but is insufficient to induce ovulation of all the large follicles. Other studies both in vivo and in vitro also show that eCG exerts inhibitory effects on follicular atresia and apoptosis of granulosa cells (Carson et al., 1979; Braw et al., 1981; Chun et al., 1994) .
eCG treatment resulted in the formation of more blood vessel cells in the atretic follicles, similar to the formation of the corpora lutea after ovulation. After administration of eCG on cycle Day 12, the numbers of large atretic follicles with an irregular antral cavity and apoptotic granulosa cells increased before ovulation. A large number of granulosa layers were still arranged inside the follicular antrum in the 20 IU group, but most granulosa cells were eliminated and theca internal cells began to differentiate in the 50 IU group. The most cogent reason might be that eCG accelerated the luteal process of the follicular cells, including the granulosa and theca cells (Fujimori et al., 1987) , resulting in changes in the ovarian blood supply.
Different from what is found in other animals, 50 IU of the eCG group on Day 12 induced the formation of LUFs, which reflected LH activity of eCG in guinea pigs, since LUFs depend on LH for an ovulatory signal. Large antral follicles were still apparent in the eCG-treated animals after ovulation, unlike the control group, and LUFs exhibited entrapped ova and low density luteal cells. The results are consistent with a previous report about ovaries receiving (Rawson et al., 1979) . LUFs are linked to unexplained infertility, but no effective treatment is available for LUFs (Koninckx and Brosens, 1982; Mio et al., 1992) . LUFs also appeared after hCG administration in small follicles, which did not induce successful ovulation even after a strong ovulatory signal (Coetsier and Dhont, 1996) . An in vitro assay indicated that cells of LUFs were more sensitive to hCG (Westfahl, 1993) . The possible reason for this might be that the high dose of eCG can destroy or inhibit granulosa cells, which secrete inhibins to regulate the function of FSH (Shi et al., 1999; Ozawa et al., 2001) .
The injection of eCG induced the differentiation and proliferation of theca and granulosa cells in follicles, and then differentiated cells formed CL-like structures. Like normal corpora lutea, the StAR and PCNA proteins were both expressed in luteinized follicles, with normal-level proliferation of luteinized cells. The active luteinized cells in the CL-like structure were believed to secrete progesterone like CL (Smith et al., 1994) . CL-like structures (luteinized follicles from LUFs) can secrete progesterone (PlasRoser et al., 1984) and estrogen, which function differently from the corpora lutea (Westfahl, 1988) . It was confirmed that a CL-like structure has a significantly lower number of luteinized cells and higher proportion of apoptotic luteinized cells. Cell differentiation and proliferation contribute to follicular formation (Sun et al., 2014) . However, the source of differentiated cells is unclear: they may rapidly differentiate from basal membrane cells after apoptosis of granulosa cells, or they may differentiate and proliferate from theca and granulosa cells.
eCG treatment might accelerate viable follicular atresia in guinea pigs (Fujimori et al., 1989) , since during follicular atresia, the atretic stage is quite different among different doses of eCG. A similar conclusion was reported in guinea pigs by Rawson et al. (1979) : the conversion of normal follicles to atretic ones reflected the LH activity of the eCG. Previous works suggested that follicular luteinization and atresia in guinea pigs might be complex and differ from the processes in other mammals (Wang et al., 2010a; 2010b) . Certainly, the dependence on the selection of antral follicles in guinea pigs warrants further studies, which should allow this system to become a more informative model.
Conclusions
The administration of eCG on Day 12 promoted the luteinization of granulosa cells, but not follicular development or superovulation in guinea pigs. Our findings suggest that the function of eCG in cyclic guinea pigs is similar to that of LH, but not FSH.
